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1.  Introduction.  The use of 
heteroatom-substituted zeolites as catalysts,1-5 
adsorbents,6-10 and membranes11-15 has 
provided a valuable platform to impact various 
parts of the chemical industry. In particular, 
aluminosilicate zeolites, resulting from the 
incorporation of an Aluminum atom into a 
tetrahedrally coordinated position within the 
otherwise siliceous zeolite framework, have 
been predominantly used. Incorporation of 
Aluminum into the framework leads to a charge 
imbalance, reflected in a negatively charged 
oxygen bridging the gap between Si and Al, and 
can be balanced by a large number of cations 
depending on the desired application. 
Monovalent metal cations like sodium (Na+) 

and lithium (Li+) afford zeolites are desirable 
properties for the adsorption-based separation 
of xylene mixtures 18 and propane/propylene,19 
respectively. A proton can also be leveraged as 
the balancing cation, creating a Brønsted acidic 
bridging hydroxyl, that serves as the catalytic 
backbone for multiple industrial chemistries.20-

24 As a result, a large body of research has been 
devoted to the study of aluminosilicate zeolites, 
seeking to understand their catalytic properties 
through kinetic investigations,25-29 material 
characterization,30-32 and computational 
calculations.33-37  

Early research in the field centered on 
the quantification of the protonic Brønsted acid 
sites of aluminosilicate zeolites; temperature 

Abstract. The spatial distribution of tetrahedrally coordinated aluminum incorporated into a mordenite 
framework inverse framework zeolite was investigated through the proton site-selective probe chemistry 
of alkylamine Hofmann elimination. Protons associated with paired Al sites were exclusively exchanged 
with divalent cobalt, while isolated protons remained intact and readily quantified through Hofmann 
elimination of adsorbed alkylammonium species. Through a combination of temperature-programmed 
methods and spectroscopic characterization, the stability of the adsorbed alkylammonium was found to 
be crucial to the accurate estimation of isolated protons. Only alkylammonium species undergoing 
Hofmann elimination through a primary carbocation were found to exclusively probe isolated protons 
on the surface of cobalt-exchanged ZSM-5. More stable secondary and tertiary carbocations typically 
used in the characterization of acid sites, resulted in significant overestimates of protonic site densities. 
The result is contrary to purely protonic zeolites, where alkylammonium stability is inconsequential to 
the quantification of the acid sites they are coordinated with. Consequently, n-propylamine was found to 
be a suitable reactive probe molecule for the quantification of isolated protonic sites on divalent metal-
cation zeolite surfaces, forming n-propylammonium upon adsorption. Ensuring accurate probing of 
isolated protons on the surface of metal cation exchanged zeolites was also demonstrated to require 
control of ion-exchange conditions and sufficient extent of zeolite exposure to the adsorbing n-
propylamine. The fraction of paired Al sites in ZSM-5 was measured to systematically increase with Al 
content, ranging between 6 and 63 % across a Si/Al of 140 and 11.5, respectively. Experimentally 
measured Al pairing was in excellent quantitative agreement with a binomial distribution, suggesting a 
random incorporation of Al into the tetrahedral sites of ZSM-5 at next-nearest-neighboring positions. 
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programmed,38-39 spectroscopic,40-41 and 
nuclear magnetic resonance 42-44 based methods 
have all been deployed for acid site 
quantification. Pioneered by Gorte and co-
workers, temperature programmed surface 
reaction methods, coupled with the Brønsted 
acid selective Hofmann elimination, lead to 
accurate and accessible methods for 
characterizing Brønsted acid site density.45-48 
More recent efforts focused on understanding 
the consequence of acid site spatial proximity 
to function; will protonic sites proximal to one 
another behave differently than those in 
isolation within the pore of a zeolite? Two 
framework Al atoms proximal as next-nearest-
neighbors are considered to be paired, while a 
framework Al with no nearest neighbors other 
than Si is considered to be isolated (Scheme 1). 
The influence of proximate Al pairs has been 
shown for methanol to aromatics conversion,49-

50 benzene alkylation,51-52 alkane/alkene 
cracking,53-54 olefin aromatization,55 and 
alcohol dehydration.56 For applications 
involving the inclusion of metal cations at 
proximate sites, reduced Ga species over Al-
pairs have been shown as active centers for 
alkane dehydrocyclization and 
dehydrogenation.57-58 The relevance of Cu 
balanced by paired sites in zeolites has been 
investigated for low-temperature ammonia 
selective catalytic reduction,59-61 as well as the 
impact of water vapor for the ion-mediated 

chemistries over proximate Al-pairs.62 Al-pairs 
has also been reported to influence alkane 
separation,63 water adsorption,64 and CO2 
adsorption.65 As a result, significant effort has 
been dedicated to understanding the means by 
which to intentionally synthesize paired Al 
zeolites. The influence of kinetic factors,66-67 Si 
source,68 Al Source,68 structure directing agents 
(SDA)69-70 have all been investigated. The 
cations present in the SDAs that balance the 
charge of the Al3+, plays a role in Al siting 
within the zeolite.71 Other work has focused on 
the nature of the mineralizing agent and 
synthesis procedure to influence Al distribution 
in ZSM-5 zeolites.72 Gounder and co-workers 
also showed the possibility of using cations like 
Na+ as an inorganic SDA, combined with 
organic SDAs, to synthesize Chabazite with 
varying fractions of Al pairs.73  

With the potential for the proximity of 
Al sites to tune the function of their charge 
balancing cations, the ability to quantify the 
fraction of Al sites paired in a zeolite 
framework was needed. Early efforts by 
Dědeček,74-75 built upon by Bell,76 Gounder,73, 

77-78 and others,53, 79 relied on divalent metal 
cations to probe framework incorporated 
aluminum atoms neighboring each other. 
Unlike monovalent cations (Na+, Li+) that only 
balance the charge on a single negatively 
charged framework oxygen, divalent cations 
(e.g. Cu2+, Co2+) balance the charge of up to 

Scheme 1. Spatial identity of Si-Al-OH tetrahedron. Paired and Isolated Aluminum sites, incorporated in a 
mordenite framework inverted (MFI) structure, determined by the proximity of a framework incorporated Al atom to 
its next nearest neighbor (NNN). 
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two negatively charged bridging framework 
oxygens. If two negatively charged framework 
oxygens are sufficiently proximal to be 
accessed by a single unique divalent cation, 
both negatively charged oxygens can be 
simultaneously balanced. Quantification of the 
fraction of framework incorporated Al atoms 
that can be ‘paired’ with their next-nearest 
neighbor (NNN) is reliant on the ability to 
measure the quantity of divalent cations 
exchanged. Regardless of whether prior 
investigations have focused on measuring 
cation uptake from solution,80 present on the 
zeolite surface,76 or a combination thereof,78 
the use of elemental analysis techniques 
(emission, atomic absorption, fluorescence 
etc.) was required. Despite their utility, 
elemental analysis methods alone do not 
discriminate between divalent cations 
interacting with framework species (e.g. 
anionic oxygen), and those which may be 
interacting with extra-framework species. A 
quantitative measure of divalent ions that 
balance framework oxygens resulting from 
paired Al sites is needed. Additionally, the cost 
and level of technical expertise required to 
perform elemental analysis can be prohibitive, 
limiting the critical characterization of active 
site proximity in catalytic studies.  
To overcome the challenges associated with 
existing methods for characterizing active site 
proximity in heteroatom substituted zeolites, 
we developed a readily applicable, reactive 

probe chemistry method that provides chemical 
specificity (Scheme 2). Merging the use of 
Co2+ as a divalent cation to occupy paired sites, 
and Hofmann elimination-based temperature 
programmed methods we have previously 
demonstrated,81 the fraction of Al pairs present 
in aluminosilicate zeolites was accurately and 
reproducibly quantified. Under appropriate 
solution phase ion-exchange conditions with 
H-ZSM-5, Co2+ exchanges the protons of two 
neighboring bridging hydroxyls, while isolated 
bridging hydroxyls remain in their protonic 
form. The remaining isolated bridging 
hydroxyls were probed with chemical 
specificity by adsorbed primary alkylamines, 
quantified via Hofmann elimination-
temperature programmed surface reaction (HE-
TPSR). While all primary alkylamines form 
alkylammonium species once adsorbed on 
protonic sites, only those forming a primary 
carbocation (e.g., n-propylamine) were found 
to be appropriate for chemically probing 
isolated sites. The measured fraction of Al pairs 
in H-ZSM-5 was found to be in excellent 
agreement with predictions based on a 
statistical Poisson distribution of paired Al sites 
in a MFI aluminosilicate zeolite, over a large 
range of Al content (Si/Al = 11.5-240).      
 
2.  Experimental methods 

2.1.  Materials. n-propylamine (99+%, 
ThermoFisher Scientific), Isopropylamine 
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Scheme 2. Chemical Probing of Isolated Protons on Co-ZSM-5. Adsorption and subsequent reaction/desorption of 
n-propylamine through Hofmann elimination to propene and ammonia over un-exchanged H+ sites from isolated Al 
in Co-exchanged zeolites that exchanges divalent Co2+ on Al-pairs.  
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(99%, Acros Organics), tert-butylamine 
(99.5%, Sigma Aldrich), pyridine (≥99.9%, 
Sigma Aldrich) and propene (0.86 mol% in 
nitrogen, Gasco) were used as probe molecules 
and/or for instrument calibration. He 
(99.999%, Airgas), Ar (99.999%, Airgas), N2 
(99.999%, Airgas), and Air (Ultra-zero, Airgas) 
were used as carrier gas and for zeolite 
pretreatment. Ammonium form ZSM-5 
(CBV2314, Si/Al = 11.5; CBV3024E, Si/Al 
=15; CBV5524G, Si/Al = 25; CBV8014, Si/Al 
= 40; CBV28014, Si/Al = 140) was obtained 
from Zeolyst, Si/Al = 240 was obtained from 
Acros Organics (ZSM-5, 279575000). Sodium 
chloride (99 %, Sigma Aldrich) and Cobalt (ii) 
nitrate hexahydrate (99 %, Acros Organics) 
were used to prepare aqueous ion-exchange 
solutions. Type 1 water (> 18.2 MΩ-cm) used 
in the preparation of metal-cation zeolites was 
generated using an in-house purifier, equipped 
with particulate filtration, reverse osmosis, and 
ion-exchange filters (Spectrapure). 

2.2.  Zeolite pretreatment. Ammonium-
form (NH4

+) ZSM-5 was converted to its 
hydrogen form (H+) by ex-situ calcination in a 
custom tubular setup. Typically, 0.5 g of zeolite 
was loaded into a downflow U-shape quartz 
tube, heated in a tube furnace (GSL-1100X, 
MTI Corporation) under a 100 sccm flow of air 
(Ultra-zero, Airgas) regulated using a mass 
flow controller (5850S, Brooks Instrument). A 
plug of deactivated glass wool (24324, Restek) 
was placed at the bottom of the quartz U-tube 
as a physical support for the zeolite bed. All 
zeolite powders were calcined at 823 K for 10 
h with a ramp rate of 2 K min−1; to ensure 
accurate calcination temperatures, a 1/16″ type-
K thermocouple (KQXL-116G-12, Omega) 
encased within a quartz sheath was placed in 
direct contact with the zeolite. Details of the ex-
situ calcination system are provided in the 
Supporting Information (Sec. S1). Calcined 
zeolites were stored in a desiccator to limit 
exposure to atmospheric moisture.  
 

2.3. Ion Exchange. Zeolites were 
converted to their sodium and cobalt forms 
using established ion-exchange procedures to 
replace protons on isolated and/or paired Al 
sites. 73, 76, 78 0.1 g of H-ZSM-5 was added to a 
0.5 M metal-cation aqueous solution (150 cm3 
solution g.zeolite -1) in a 100 ml round bottom 
flask, equipped with an overhead condenser 
with an internal flow of ambient water to limit 
concentration changes through evaporation. 
The solution was held constant at a desired 
temperature for 24 hours, measured with a 
quartz sheath encased thermocouple (KQXL-
116G-18, Omega) in solution, under 
continuous stirring (14-513-98, Fisher 
Scientific) with a heated stir plate (6795-220, 
Corning). Ion-exchanged samples were then 
washed four times in Type 1 water and dried in 
a natural convection oven (13-247-650G, 
Fisher Scientific) at 373 K for 24 hours, before 
calcination in a quartz U-tube setup (Sec. 2.2) 
at 773 K for 6 hours with a ramp rate of 1 K 
min−1 under a 100 sccm flow of air. 
 
2.4.  Spectroscopic Characterization. In-
situ Fourier transform infrared (FT-IR) 
spectroscopy was performed using a Bruker 
Tensor II spectrometer equipped with a 
DLaTGS detector and mid-IR source. Spectra 
were recorded between 1000 and 6000 cm−1 

with a 4 cm−1 resolution, averaged over 64 
scans and subtracted from a background 
spectrum. Thin self-supporting zeolite wafers 
were prepared by pressing 10−15 mg cm−2 of 
finely ground zeolite powder in a pellet press at 
20 MPa of pressure for 15 minutes. The wafer 
was then transferred to a custom-built heated 
transmission cell, equipped with water-cooled 
CaF2 windows. The temperature of the cell was 
controlled using a PID temperature controller 
(CN 7823, Omega) and a 1/16″ type-K 
thermocouple, while a secondary thermocouple 
in a thermowell near the self-supporting wafer 
was used to measure its temperature. The wafer 
was first calcined in-situ in 60 sccm of air at 
673 K for 1 hour using a ramp rate of 3 K min−1, 
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after which it was cooled down to the desired 
temperature. Liquid-phase probe molecules 
were fed to a vaporization section through a 
1/16″ PEEK capillary line (0.01″ I.D., TPK110, 
Vici Valco) using a syringe pump (Masterflex 
EW-74905-04, Cole-Parmer) and air-tight glass 
syringe (Hamilton Company). The vaporized 
liquid was constantly swept by a stream of He 
passed through a moisture trap (22014, 
Restek), the flow of which was adjusted using 
mass flow controllers (Type 201, Porter). The 
vapor mixture was directed to either the heated 
transmission cell or a bypass line using a six-
port switching valve (A26UWE, Vici Valco) 
placed within a heated valve enclosure (HVEB, 
Vici Valco). Any tubing downstream of the 
vaporization section was heat-traced using 
resistively heated Nickel Chromium wire 
(8880K77, McMaster) to avoid condensation, 
insulated with high-temperature wrap sleeving 
(6811A11, McMaster).47, 82  
 
2.5. Reactive Gas Chromatography. A 
commercially available quartz GC inlet liner 
(Agilent 5188-5365) was used as an alkylamine 
Hofmann elimination microreactor. The liner 
was packed with a zeolite (supporting 
information, Figure S2), held between two 
plugs of quartz wool. The quartz wool served 
as an inert physical support and dispersant to 
efficiently vaporize injected liquid titrants prior 
to contacting the zeolite bed. Briefly, the 
zeolite-containing quartz liner is placed in the 
inlet of a gas chromatograph (7890B Agilent) 
equipped with a flame ionization detector 
(FID). Calcined zeolite powders were pressed, 
crushed, and sieved to obtain a particle 
diameter >500 μm; smaller particle diameters 
were avoided to minimize the pressure drop 
across the bed. Briefly, 100 mg of the calcined 
zeolite was loaded into a pellet press (13 mm 
diameter, Pike Technologies) and pressed at 20 
MPa of pressure using a hydraulic press (YLJ-
5-H, MTI Corporation). The zeolite pellet was 
then broken into smaller particles using a 
mortar and pestle (89037-488, VWR) and 

sieved (EW-59985-13 and EW-59985-18, Cole 
Parmer) to obtain the desired sieve fraction. A 
range of 5 – 30 mg of pelletized zeolite was 
loaded into the inlet liner microcatalytic 
reactor; however, 20 mg was typically used. To 
ensure accurate mass loadings, the mass of the 
entire microreactor packed with deactivated 
quartz wool was measured before and after 
adding the zeolite.  

Once placed in the inlet, the 
microcatalytic reactor was calcined in air at 673 
K for one hour with a ramp rate of 10 K min-1 
to remove any carbonaceous deposits or 
moisture. Effluent air from the liner was routed 
through a heated six-port valve, which 
bypassed the GC column and sent flow from 
the inlet directly to the detector. A purge stream 
of N2 was directed to the GC column (PLOTQ, 
19091-Q04) through the same six-port valve, 
ultimately sent to an atmospheric vent line. 
Once calcined, the liner was purged with N2 
and cooled down to 423 K and held for thirty 
minutes to ensure an equilibrated bed 
temperature. The zeolite was then exposed to 
the probe molecule using an automated liquid 
sampler (ALS); a continuous stream of probe 
molecule was introduced using the ALS to 
dispense at a fixed volumetric flowrate. Argon 
then swept the vaporized probe molecule, 
bringing it into contact with the zeolite bed. 
The bed was purged under a flowing stream of 
Ar at 423 K for two hours to remove any excess 
and/or weakly adsorbed probe 
molecules. Zeolites were exposed to an excess 
of probe molecule (~150 mol of probe 
molecule per mol of bulk Al) to saturate all 
available sites. Ensuring that all protonic sites 
were saturated with a probe molecule is further 
discussed in Section 3.6.    

Prior to raising the temperature of the 
zeolite in the inlet liner, the temperature of the 
GC oven containing the chromatographic 
column was lowered to 303 K. The position of 
the six-port valve (6-PV) was also switched 
such that the N2 carrier gas passing through the 
liner, was routed through the GC column first 
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before reaching the GC-FID detector. Directing 
the microcatalytic reactor effluent through the 
GC column at a low temperature, along with a 
suitable choice of column stationary phase, 
trapped desorbing molecules from the zeolite 
surface. The temperature of the microcatalytic 
reactor was then ramped at a rate of 10 K min-1 
to 673 K and held for 30 minutes, allowing for 
the adsorbed alkylamines to either desorb intact 
or undergo a Hofmann elimination to their 
respective alkene and ammonia. The 
temperature of the GC column, containing the 
trapped molecules, was raised from 303 to 543 
K at a ramp rate of 10 K min-1 and held there 
for 10 minutes. An alkene peak corresponding 
to the alkylamine titrant used was detected and 
quantified to give a direct measure of the moles 
formed, which was normalized by the mass of 
zeolite loaded in the inlet liner microcatalytic 
reactor to yield a Brønsted acid site density 
(SH+),  

 
SH+ (mol g-1 ) = mol Alkene formed (mol)

mass of zeolite (g)
 (1) 

2.6. Temperature-Programmed Surface 
Reaction. Temperature-programmed surface 
reaction (TPSR) was performed in a 1/2″ quartz 
downflow packed bed reactor, with the zeolite 
bed resting on a plug of deactivated quartz 
wool. The reactor was placed within a ceramic 
furnace (VF-360-1.5-6-S, Thermcraft) which 
was controlled using a PID temperature 
controller (CN 7823, Omega) and a 1/ 16″ 
thermocouple encased in a quartz sheath, 
placed on top of the bed. The entire heated 
reactor assembly was housed within a larger 
forced convection oven (5890 Series II, 
Hewlett Packard) held at 373 K. Liquid-phase 
probe molecules were fed to a vaporization 
section through a 1/16″ PEEK capillary line 
(0.01″ I.D., TPK110, Vici Valco) using a 
syringe pump (Masterflex EW-74905-04, 
ColeParmer) and air-tight glass syringe 
(Hamilton Company). The PEEK line was then 
connected to a 1/16″ stainless-steel capillary 
line (0.01″ I.D., T50C10D, Vici Valco) through 

a PEEK union (ZU1FPK, Vici Valco), and the 
other end of the stainless-steel capillary line 
was placed inside the oven. The vaporized 
liquid was constantly swept by a stream of He, 
the flow of which was adjusted using a mass 
flow controller (5850S, Brooks Instrument).  

Zeolites were calcined in-situ under 60 
sccm of air at 823 K for 4 hours with a ramp 
rate of 5 K min−1 and then cooled to 373 K 
under the same flow rate of air, before purging 
in 100 sccm of He for 15 minutes. Zeolites were 
first saturated with a 1.3 kPa probe molecule-
containing stream of He (100 sccm) at 373 K 
for 10 minutes, then purged in He for 4 hours 
to remove any weakly adsorbed molecules. 
Once purged, the bed was ramped to 873 K at 
10 K min−1 under a 200 sccm stream of He. The 
effluent concentration of unreacted alkylamine 
and Hofmann elimination desorbing from the 
surface were tracked with an online residual 
gas analyzer (XT200M, ExTorr), while the in-
situ bed temperature was recorded with a 
computer logging temperature controller (CN 
7823, Omega). 

2.7. Distribution of Paired Sites. The 
estimation of Al framework distribution, 
resulting in isolated and paired Al, stems from 
understanding tetrahedrally coordinated 
locations (T-sites) within an aluminosilicate 
unit cell. Starting with a central Al atom, the 
avoidance of Al-O-Al linkages per 
Löwenstein’s rule dictates that all next-
neighboring (NN) framework positions be 
occupied by Si,16-17 beyond which twelve 
unique T-sites are occupied by aluminum or 
silicon as the next-nearest-neighbor (NNN, 
Scheme 3). The probability of siting Al at a 
(NNN) T-site and forming an Al-pair is directly 
correlated with the relative molar content of 
framework incorporated silicon and aluminum 
(Si/Al), which is quantitatively described by 
the binomial distribution (Pn) of NNN T-sites 
occupied by Al,  
 

Pn = �NT
n � �

1
Si Al⁄ �

n
�Si Al⁄ -1

Si Al⁄ �
NT-n

 (2) 
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where NT is the average number of T-sites 
available within each unit cell, reported to be a 
value of 11.8 for MFI,83 slightly lower than the 
twelve theoretically available T-sites due to 
adjacent Si atoms sharing one next-nearest-
neighboring site. ‘n’ is the number of NNN T-
sites occupied by aluminum.83  
 

 
Scheme 3. Relative Distribution of Tetrahedrally 
Coordinated Aluminum and Next Nearest Neighbors. 
Relative to the position of a central Al atom, surrounded 
by four silicon atoms as the nearest neighbor, with 
twelve unique T-sites that can be occupied by another 
Al or Si atom as the next-nearest-neighbor (NNN). 
Oxygen linkages between neighbors is implicitly 
assumed.  

At a given Si/Al molar ratio, when no Al is 
sited at any available NNN T-sites (n = 0), the 
probability of forming an aluminosilicate with 
only isolated Al sites can be calculated (P0). 
The fraction of framework Al paired with its 
next-nearest neighbor (fAl,Pairs) can therefore be 
calculated,84 

 

fAl,Pairs = 1 - P0 =  1 - �NT
0 � �

Si Al⁄ -1
Si Al⁄ �

NT
   (3) 

Experimentally, the fraction of Al pairs 
(fAl,Pairs) was estimated by measuring the 
Brønsted site density (SH+) of Co-exchanged 
zeolites, representing the fraction of protons on 

isolated framework incorporated Al, 
normalized by the Brønsted site density (SH+) 
of the parent protonic form zeolite, 

 

fAl,Pairs = 
SH+,H-Zeolite - SH+,Co-Zeolite

SH+,H-Zeolite
 [=] 

mol H+on paired Framework Al
mol H+on Framework Al

  (4) 

where SH+,H-Zeolite and SH+,Co-Zeolite are the 
measured Brønsted site densities (mol H+ g 
zeolite-1) on the H-form and Co-form zeolite, 
respectively, where their difference is equal to 
the density of protons associated with pairs of 
framework incorporated Al. The density on the 
parent zeolite represents protons stemming 
from both isolated and paired framework 
incorporated Al sites. 
 
3. Results & Discussion. The siting of Al 
within an aluminosilicate zeolite was assessed 
for an MFI framework, a range of Si/Al ratios 
were considered to probe the effect of Al 
content (Si/Al = 11.5 – 240, Table 1). The MFI 
framework offered the advantage of mitigating 
the influence of extra-framework Al, where 
prior work has established the near-complete 
framework incorporation of Al. 85-88 The 
average MFI pore diameter (~ 5.5 Å) 89-90 also 
afforded the ability to consider a range of solid 
acid probe molecules, without steric constraints 
or the inability of a probe molecule to 
physically access a Brønsted acid site.  Over Al 
content range considered (Si/Al), the expected 
Al content per unit cell of the zeolite (Al/UC), 
fraction of Al pairs expected based on a 
statistical distribution (fAl,pairs, calculated) and 
measured (fAl,pairs, Measured), and resulting 
extent of Cobalt exchange (Co2+/Altot) are 
reported in Table 1. Comparing the density of 
protonic sites available on the parent H-ZSM-5 
zeolite relative to the bulk Al content (H+/AlT), 
suggests near-complete framework 
incorporation of Al across the various zeolites.  

Al SiSi

Si

Si
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Table 1. Physical and Chemical Properties of Commercially Sourced ZSM-5  

Framework Si/Ala Al/UCb H+/AlT 
[%]c 

Co2+/AlT 
[%]d 

fAl,pairs 
[%] 

     Measurede Calculatedf 

MFI 11.5 7.7 100 31.5 63 66 

MFI 15 6.0 80 26.0 52 56 

MFI 25 3.7 93 16.0 32 38 

MFI 40 2.3 130 17.5 35 26 

MFI 140 0.7 99 3.0 6 8 

MFI 240 0.4 106 6.0 12 5 
a- Bulk Si/Al ratio reported by vendor (Zeolyst, Acros Organics) 
b- Calculated using MFI unit cell formula; Al/UC = 96/(1+Si/Al) 
c- Estimated from measured Brønsted acid site density (Eq. 1) relative to bulk Al content (AlT = (Al/Si)/MWSiO2)   
d- Measured fraction of protonic sites exchanged with Co2+ at 353 K 
e- Measured fraction of Al-pairs based on residual SH

+ density of Co2+ exchanged zeolite (Eq. 4) 
f- Calculated fraction of Al-pairs assuming a random binomial distribution of framework aluminum (Eq. 3) 

3.1.  Alkylamine Identity. Alkylamines 
have been established as appropriate probe 
molecules for estimating the Brønsted acid site 
density of aluminosilicate zeolites. 48, 81, 91-92 
Alkylamines stoichiometrically adsorbed on 
H+ sites (ZOH) as alkylammonium ion 
complexes (1 mol RNH2 per mol H+), that 
undergo Hofmann Elimination at elevated 
temperatures to form their corresponding 
alkene(s) (R’) and ammonia (1 mol alkene + 
NH3 per mol RNH3

+), 47-48, 91 providing a direct 
measure of the moles of H+ sites accessible to 
the alkylamine,  

RNH2 + ZOH ⇀ RNH3
+---OZ  (5) 

RNH3
+---OZ ⇌ R’ + NH3 + ZOH (6) 

It is worth noting that alkylamine adsorption on 
a protonic site can be treated as irreversible 
(Eq. 5), where the alkylamine only desorbs 
reactively through Hofmann elimination (Eq. 
6). Conversely, when a monovalent cation like 
sodium (Na+) is introduced to a proton form 

zeolite, exchanging all available H+ sites 
(paired and isolated), all Brønsted acid 
catalyzed chemistry is expected not to proceed. 
93-97 In the absence of a sufficiently acidic 
proton on the surface, an alkylamine will 
molecularly desorb intact, as opposed to 
reactively desorbing through Hofmann 
elimination. Therefore, the extent of ion 
exchange was investigated by measuring 
residual H+ sites using alkylamine Hofmann 
elimination (reactive gas chromatography, Sec. 
2.5).  

For the parent H-ZSM-5, we have 
previously reported no difference in the 
measured Brønsted acid site density based on 
n-propylamine (NPA), isopropylamine (IPA), 
and tert-butylamine (TBA), regardless of Al 
content. 81 Conversely, over Na-ZSM-5, a trend 
is observed with respect to the fraction of 
Brønsted acid sites measured relative to the 
parent H-ZSM-5 (Fig. 1). Based on n-
propylamine as a probe molecule, the majority 
of protons appear to have been exchanged with 
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Na (> 96%). With isopropylamine and tert-
butylamine, the apparent fraction of residual H+ 
measured increased to 14 and 61%, 
respectively. Regardless of Al content (Si/Al = 
11.5 and 140), similar trends were observed 
across the three alkylamine probe molecules.  

Despite the varying observations based 
on three distinct alkylamines (NPA, IPA, and 
TBA), the true extent of Na+ exchange on the 
zeolite surface cannot be different. While 
sterics can explain differences in reactivity 
amongst distinct probe molecules, 98-101 n-
propylamine is the least sterically hindered, yet 
experienced the smallest extent of Hofmann 
elimination over Na-ZSM-5. Another 
distinction between the alkylamine probe 
molecules is the stability of the carbocation 
formed in the course of Hofmann elimination, 
47, 102 dictated by the degree of substitution of 
the alpha carbon (Cα). We have previously 
demonstrated that a more substituted alpha 
carbon facilitates the ease with which 
alkylamine Hofmann elimination proceeds, as 
a result of a more stable carbocation. 103 The 
stability of the carbocation formed by the three 
alkylamines increased in the order of NPA < 
IPA < TBA, with alpha carbon of TBA forming 
the most stable carbocation. Highly substituted 
alkylamines like tert-butylamine may therefore 
undergo Hofmann elimination over an 
aluminosilicate as a result of a more stabilized 
alpha carbocation, even in the absence of a 
protonic bridging hydroxyl, underestimating 
the extent of ion exchange. Given the desire to 
probe only residual H+ not exchanged by a 
metal cation through Hofmann elimination, n-
propylamine is a more suitable reactive probe 
molecule, revealing complete H+ site exchange 
with Na+. The observation based on NPA of 
near-complete Na exchange also holds for 
other 1º alpha-carbon (Cα) substituted 
alkylamines; the measured fraction of H+ 
exchanged measured after Na-ion exchange is 

comparable with n-butylamine and n-
amylamine (≥ 92 %, Supporting information, 
Figure S3). While IPA and TBA are suitable 
probes for H-form zeolites, differences 
observed for Na-ZSM-5 highlights the 
importance of an appropriate probe for the 
characterization of ion-exchanged 
aluminosilicates.  
 

 
Figure 1. Degree of Na Exchange. Relative Brønsted 
acid site (BAS) density of Na-exchanged and protonic 
form ZSM-5 (Si/Al = 11.5 , 140 ◊), measured by 
Hofmann elimination TPSR of alkylamines with varying 
alpha carbon (α) substitution.  

3.2. Temperature Programmed Surface 
Reaction. Having identified n-propylamine as 
a more selective molecular probe for H+ sites in 
Na-exchanged zeolites, we sought to 
understand the nature of the adsorbate-
adsorbent interaction, and the ultimate 
decomposition of the molecular probe through 

Si
O

Al
OO

X

4

16

3

11

 

Alpha Carbon Substitution

NH3

1º 2º 3º

H2N R3

R1R2
α R3 R2

R1

α

Si
O

Al
OO

H

Si
O

-

Al
OO

Na+



   

____________________________________________________________________________ 
 
Lawal & Abdelrahman   Page 10 

Hofmann elimination over Co exchanged 
zeolites. If Co was only to exchange H+ sites 
resulting from paired Al sites, n-propylamine 
should only probe residual isolated H+ sites 
over Co-ZSM-5. In Figure 2A, the TPSR of n-
propylammonium on MFI zeolites in their H, 
Co, and Na forms is shown, where the 
desorption of propene from the various zeolites 
was tracked. No significant NPA Hofmann 
elimination products were desorbed from the 
surface of Na-ZSM-5, further confirming the 
exchange of H+ sited on paired and isolated Al 
sites with monovalent Na+ (Figure 1). A similar 
range of peak temperatures for propene 
desorption from H-ZSM-5 (670 K, Si/Al = 
11.5) and Co-ZSM-5 (699 K, Si/Al = 11.5) was 
observed, consistent with peak desorption 
temperatures previously reported for the TPSR 
of NPA adsorbed on H-ZSM-5 (675 K). 47 The 
similar Hofmann elimination TPSR profiles for 
Co and H-ZSM-5 suggested that n-
propylamine only probed protonic sites on both 
zeolite surfaces. We have previously 
demonstrated that the kinetics of alkylamine 
Hofmann elimination is insensitive to Al 
content for a given zeolite framework, 103 
consistent with the similar propene peak 
desorption temperatures observed here.  The 
moles of propene evolved from the surface of 
Co-ZSM-5 through Hofmann elimination, 
however, was 63 % lower relative to the parent 
H-ZSM-5. The partial decrease in the extent of 
Hofmann elimination over Co-ZSM-5, as 
opposed to almost complete absence over Na-
ZSM-5, is attributed to Co as a divalent cation 
only exchanging protons from paired Al sites. 
The observed propene evolution over Co-ZSM-
5 is attributed to the Hofmann elimination of 
NPA adsorbed on isolated protonic sites, not 
exchanged by Co2+. 

3.3. Fourier Transform Infrared 
Spectroscopy of Pyridine (Py-IR). While 
consistent with the exchange of H+ located at 
paired and/or isolated Al sites with Na+ and 
Co2+, it is unclear whether the reduced fraction 

of available H+ over metal cation exchanged 
ZSM-5 is a result of hindered Hofmann 
elimination, or that H+ sites are no longer 
available to protonate a basic probe molecule. 
To help distinguish between the two 
possibilities, the spectroscopic signature of 
pyridinium ions formed when pyridine adsorbs 
on a sufficiently acidic protonic site was 
leveraged. 104-106 Specifically, the N-H bending 
vibrational frequency of surface pyridinium 
(1545 cm-1) and the Lewis acidic type 
interaction at ~1450 cm-1 were investigated on 
H-ZSM-5, Co-ZSM-5, and Na-ZSM-5 (Figure 
2B). Pyridine IR of zeolites is routinely 
employed to investigate the presence or 
absence of H+ sites; 41, 104, 107-108 the specific N-
H bending vibration that observed from the 
formation of surface pyridinium ions (Py+) 
details the exclusive interaction of H+ sites with 
basic pyridine. 109-110 The intensity of the 
pyridinium peak at 1545 cm-1 was highest with 
the H-form zeolite where all available H+ sites 
protonated the adsorbing pyridine, followed by 
the Co-form, where only a fraction of protons 
had been exchanged, and lastly the Na-form. 
No significant Lewis interactions were 
observed over the H-form, likely due to the 
minimal extra framework Al present in the MFI 
framework. 76 Conversely, significant Lewis 
acid-base interactions were observed on both 
Co (1451 cm-1) and Na (1443 cm-1) form 
zeolites.  
The absence of any significant pyridinium 
formation on Na-ZSM-5, combined with the 
appearance of distinct Lewis-type interaction at 
1443 cm-1, further confirmed the near-
quantitative exchange of H+ sites with 
monovalent Na+. Similarly, for Co-ZSM-5, the 
reduced formation of pyridinium is consistent 
with a divalent cation preferentially 
exchanging protons located on paired Al sites. 
The metal cation exchange was further 
evidenced by the bridging hydroxyl peaks at 
3605 cm-1, representative of protonic sites 
resulting from framework incorporated Al, 
which were partially and fully absent on Co and 
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Na-ZSM-5, respectively (Figure S5). 
Interestingly, the silanol peak at 3740 cm-1 
appeared relatively unchanged for all zeolite 
forms (H, Na, and Co), suggesting that cations 
preferentially exchanged protons originating 
from the aluminosilicate framework’s bridging 
hydroxyl (Figure S5).  

3.4. Fraction of Protons Exchanged. 
Similar fractions of exchanged protons were 
quantified through NPA Hofmann elimination, 
and the N-H bending peak associated with 
adsorbed pyridinium at 1545 cm-1 (Figure 2C). 
For monovalent Na+, near quantitative 
exchange of all available H+ sites was observed 
based on NPA Hofmann elimination (96%) and 
Py-IR (94%). For divalent Co2+, 63 and 50% of 
all available H+ sites were found to be 
exchanged based on NPA-RGC, and Py-IR, 
respectively. The fraction of protons exchanged 
for Co2+, equivalent to the fraction of paired Al 
sites, suggests that ~2/3 of Al sites in the MFI 
framework (Si/Al = 11.5) are paired.  We note 
that the measured fraction of Al pairs (63%) is 
consistent with the predictions based on a 
random statistical distribution of framework Al 
(Eq. 3, 66%), and similar to what has been 
measured by Bell and co-workers (56 %, Si/Al 

= 11.5) through elemental analysis of the 
exchanged zeolite.76 
 
3.5.  Ion-Exchange Conditions. Having 
established NPA as a suitable molecule to 
quantitatively probe the fraction of protons not 
exchanged in Co-ZSM-5, we investigated the 
influence of ion-exchange conditions. Given 
that ion-exchange is a reversible reaction, 
chemical equilibrium can be shifted through 
temperature, 111-113 to ensure complete cation 
exchange of all available H+ sites on the zeolite 
surface. Considering monovalent Na+, where 
complete proton exchange is expected, only 
~75% of available protons were exchanged at 
ambient temperature (Figure 3A). Increasing 
the temperature at which ion-exchange was 
performed resulted in almost complete proton 
exchange; 96 % of all available protons in H-
ZSM-5 (Si/Al = 11.5) were exchanged with 
Na+ at 353 K. The effect of temperature on ion 
exchange has been evaluated by Gounder and 
co-workers, where they showed an increased 
exchange of Co2+ at 353 K relative to 298 K, 
and determined the higher temperature to be 
sufficient to exchange Co2+ into all available 
paired sites. 114 Dědeček and co-workers also 
found the necessity for above ambient 

Figure 2. Na and Co ion exchange with H-ZSM-5 A. Temperature programmed surface reaction of n-propylamine 
to propene (m/z = 41, Si/Al = 11.5) and B. FT-IR spectra of pyridine adsorbed on protonic (H), sodium (Na), and 
cobalt (Co) exchanged ZSM-5 (Si/Al = 11.5) C. Fractions of protons exchanged measured by the moles of propene 
evolved during n-propylamine TPSR from H-ZSM-5 relative to metal cation-exchanged, and the relative area of the 
pyridinium ion (1545 cm-1) interaction over the same materials (Py-IR). The dashed line represented the calculated 
fraction of Al-pairs for H-ZSM-5 with a Si/Al = 11.5, based on a random statistical distribution of Al atoms (Eq. 3) 
Lewis type interactions with pyridine were also observed with Co-ZSM-5 (1451 cm-1) and Na-ZSM-5 (1443 cm-1).   
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temperature cation-exchange to ensure that 
divalent Co2+ accesses all paired sites.74-75 
Similarly, for Co-ZSM-5, only a small fraction 
of protons (9%) were exchanged at 298 K, 
while 63% of all available protons were 
exchanged for Co2+ at 353 K, consistent with 
the expected statistical distribution of paired Al 
sites (66%, Table 1). The drastic change in the 
fraction of exchanged protons underpins the 
importance of temperature for metal cation ion-
exchange with protonic aluminosilicates; the 
use of ambient conditions for Co2+ ion 
exchanges significantly underestimates the 
fraction of paired Al sites.  

The approach to equilibrium where all 
exchangeable protons on paired Al sites was 
also investigated through successive ion-
exchange, where H-ZSM-5 (Si/Al = 11.5) was 
subjected to successive ion-exchanges with Co 
at 353 K, ensuring that the fraction of Al pairs 
was not underestimated by the overall kinetics 
of ion-exchange. Briefly, H-ZSM-5 was 
exchanged with a 0.5 M Co solution for 24 
hours, dried without a high-temperature 
calcination, then exposed to a freshly prepared 
Co solution. No significant trend in the fraction 
of Al pairs measured via NPA Hofmann 
elimination was observed with successive Co 
exchange (fAl,pairs = 63% → 73% → 67%, 
Figure 3B). The consistency with successive 
ion-exchange is consistent with Gul Hur et 
al.,114 where the extent of Co2+ exchanged with 
H-ZSM-5 was unchanged beyond a single ion-
exchange. Additionally, the starting cationic 
form of the zeolite (H-ZSM-5 and NH4-ZSM-
5) led to no significant difference in measured 
the fraction of protons exchanged by either 
metal cation (supporting information, sec S7).  

3.6. Access to Protons on Co-ZSM-5. 
Similar to ensuring a more complete extent of 
ion exchange between metal cations and 
protons on paired Al sites, it was necessary to 
determine whether NPA as a probe molecule 
accessed all residual protons on Co exchanged 
zeolites. The pores of the MFI framework are 

more constrained by the presence of metal-
cations like Co2+ and intraparticle diffusion 
may impede the access of NPA to residual 
protonic sites. Even when the zeolite is exposed  
 

 
Figure 3. Influence of ion-exchange conditions A. 
Fraction of protons exchanged with Na and Co from 
solution at 298 and 353 K B. Fraction of protons 
exchanged Co after multiple ion-exchanges at 353 K; a 
fresh solution was prepared for each subsequent 
exchange. Dashed lines indicate complete exchange (-.-) 
for Na-ZSM-5 and the calculated fraction of Al-pairs for 
H-ZSM-5 with a Si/Al = 11.5 (---), based on a random 
statistical distribution of Al atoms (Eq. 3). Inset numbers 
indicate the measured fraction of protons exchanged via 
n-propylamine TPSR. All ion exchanges were performed 
over a 24-hour period and 0.5 M metal ion concentration. 
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to a quantity of probe molecule 
stoichiometrically sufficient to occupy all 
protonic sites (1 mol RNH2 per mol H+), the 
kinetics of adsorption and/or diffusion into the 
pore may necessitate a larger molar exposure to 
ensure complete coverage. Here, we define the 
extent of exposure as the moles of NPA 
exposed to the zeolite, normalized by the Al 
molar content,   
Extent of Exposure = moles of NPA exposed 

moles of bulk Al in zeolite  
  (7) 

Assuming complete framework incorporation 
of Al into the zeolite framework, an ideal 
stoichiometric extent of exposure equal to unity 
is expected. Indeed, over Co-ZSM-5 with Si/Al 
= 11.5, 40, and 240, a significantly larger 
exposure to NPA than the stoichiometric 
amount was required (Figure 4). With 
increasing exposure to n-propylamine, more 
protonic sites were probed, resulting in a 
decreased estimate of the fraction of Al pairs 
(Eq. 4). Despite the significantly different 
fraction of paired sites, Al content, and residual 
density of protonic sites, highly similar trends 
were observed across the various zeolites. To 
access all available residual protonic sites in Co 
exchanged zeolites, approximately an order of 
magnitude excess in the extent of exposure was 
required, beyond which no measurable change 
was observed in the apparent fraction of Al 
pairs. The required excess is thought to be the 
result of the intraporous diffusional constraints 
in the zeolite, and less the presence of Co in the 
pores; a more than an order of magnitude 
excess of NPA was similarly required to probe 
all available protonic sites in H-ZSM-5 
(supporting information, Sec. S6). Despite the 
highly favorable adsorption of alkylamines 
onto the acid sites of H-ZSM-5,115-116 the 
overall uptake of alkylamines like pyridine into 
zeolite cavities has been reported to be  
diffusion limited.108, 117 Therefore, to ensure an 
accurate measurement of the fraction of paired 
aluminum through alkylamine Hofmann 
elimination, we employed a two-order-of-
magnitude excess extent of exposure (≥ 100 

mol NPA per mol Al, Figure 4). It is worth 
noting that the minimum extent of exposure 
required is likely a function of the zeolite 
framework and probe molecule identity, and 
would need to be independently investigated 
for combinations other than NPA and the MFI 
framework.  
 

 
 Figure 4. Extent of NPA exposure on Co-ZSM-5. 
Measured fraction of Al pairs at varying extent of 
adsorbate exposure (Eq. 7). Red dashed lines show 
minimum exposure of 100 mol of NPA/mol of Al 
employed to access all available protonic sites on Co-
exchanged ZSM-5, Si/Al = 240 ( ), 40 ( ), and 11.5 
( ). Solid lines are to direct the eye. 

3.7. Al-pair Site Distribution in MFI. 
Combining the relevant information discussed 
in the previous sections, the fraction of Al pairs 
across a range of Al content (Si/Al = 11.5 – 
240) was measured on ZSM-5, with sufficient 
extent of NPA exposure. Comparing the 
measured fraction of Al pairs to those predicted 
based on a random distribution of Al in the 
framework (Eq. 3), we find excellent 
quantitative agreement between the two 
(Figure 5A). Despite the wide range of Al 
content across the various zeolites, within the 
MFI framework for the commercial samples 
investigated, incorporation of Al into T-sites 
appears to follow a random distribution. At 
most, 63% of the Al incorporated into the MFI 
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framework appears to be paired (Si/Al). While 
theoretically an increase in Al content would 
result in a higher probability of random Al 
pairing,  a limitation is Löwenstein’s rule that 
prevents the existence of Al-O-Al linkages, that 
can start to form at Si/Al <9.5 for MFI (Figure 
5B).16-17, 118 We also observe that MFI samples 
with less than 1 Al per unit cell, non-trivial 
fractions of Al pairs will exist (~10%, Si/Al = 
140-240), due to framework Al from different 
unit cells that are close enough to form pairs.119 
Ultimately, the agreement between 
experimentally measured fraction of paired Al 
and statistical models helps affirm the utility of 
n-propylamine as a chemical probe of residual 
H+ sites on metal cation-exchanged zeolites.  

 

 Figure 5. Al-paired site distribution A. Parity plot 
between randomly distributed (Eq. 3) and measured 
fraction of Al pairs over a range of Si/Al (11.5-240) in 
ZSM-5 B. Statistical Al-pairs distribution (solid line) 
with varying Si/Al (1-1000) relative to the measured 
fraction of Al-pairs ( ). The dashed red line indicates the 
theoretical limit on Al atom framework incorporation as 
described by Löwenstein’s rule. 80, 81 Green dashed line 
highlights the demarcation where 1 Al/UC exists in the 
MFI framework [Al/UC = 96/(1+Si/Al)].  

4. Conclusion. The effectiveness and 
extent of metal-cation exchange was 
quantitatively described through alkylamine 
Hofmann elimination, which was demonstrated 
to be a selective probe of protonic sites on the 
surfaces of distinct forms of ZSM-5. By 
probing the residual protons of cobalt 
exchanged ZSM-5 through alkylamine 
Hofmann elimination, the fraction of Al-pairs 
was readily determined, regardless of Al 
content. Accurate quantification of Al pairing 
was found to be sensitive to both the conditions 
of ion-exchange and choice of alkylamine 
probe. Even with elevated metal cation 
concentrations in exchange solutions (0.5 M) 
and time allowed for exchange (24 hours), 
above ambient temperatures were required to 
achieve complete ion-exchange for both 
monovalent Na and divalent Co. Commonly 
employed alkylamines like isopropylamine and 
tert-butylamine were found to overestimate the 
density of unexchanged protons on the surface 
of Na-ZSM-5, attributed to the formation of 
more-stable carbocations in the course of 
Hofmann elimination. To probe the extent of 
ion-exchange more accurately, alkylamines 
like n-propylamine that undergo Hofmann 
elimination through a primary carbocation are 
recommended. Due to significant constraints 
placed on the diffusion of n-propylamine in the 
pores of ZSM-5, greater than the stoichiometric 
exposures of amine were required to 
completely access all available protons in 
metal-exchanged zeolites (~100 mol RNH2 per 
mol Al). Ultimately, the fraction of Al pairs in 
the MFI framework was found to follow a 
random statistical distribution, across a wide 
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range of Al content (Si/Al 11.5-240). The 
results presented in this work demonstrate the 
broad applicability of the reactive probe 
molecule-based approach to quantify Al-pairs 
in aluminosilicate zeolites, and for other 
framework substituted heteroatoms.  
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